͑Received 18 November 1997; accepted for publication 24 February 1998͒ Spontaneous emission from dye molecules embedded in periodic dielectric structures was investigated. The structures consist of close-packed arrays of dye-doped polystyrene microspheres. Periodic arrays of polystyrene spheres with a submicrometer diameter were shown to provide a nonoverlapping gap or pseudogap in the visible spectral region. The modification of the spontaneous emission from inside the pseudogap structure was observed as a deep dip in the photoluminescence spectra. The alteration in the emission spectra is explained in terms of the partial suppression of radiation modes due to the periodic dielectric structures. © 1998 American Institute of Physics.
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In recent years there has been immense interest in organic light-emitting diode structures ͑LEDs͒. Surfaceemissive displays based on organic LEDs have become suitable for commercial applications.
1,2 More recently, there has also been interest in electrically-pumped lasing from emissive organic thin films.
3, 4 We introduced a Fabry-Perot microcavity structure into organic LEDs and demonstrated both spectral narrowing and spatially directed emission in these devices. 5, 6 However, we found that a simple Fabry-Perot microcavity structure is insufficient for the effective confinement of photons as required for electrically-pumped lasing from organic materials. Two-or three-dimensional microcavity structures with a size of the order of the wavelength of visible light are expected to improve the effective confinement of photons and to control spontaneous emission.
Recently, photonic crystals attracted much interest and optical investigations on these materials were reported. [7] [8] [9] The periodic modulation of the dielectric constant in photonic crystals provides a three-dimensional dielectric mirror structure. It is therefore expected that the confinement of photons as well as an effective coupling between excited molecules and the radiation field is easier to achieve in photonic crystals than in one-dimensional microcavity structures. 10, 11 On the basis of quantum optical effects, the introduction of photonic crystal structures into organic LEDs is also expected to improve their device characteristics. 9 Experimental investigations on photonic crystals have so far been restricted to the spectral region ranging from microwaves 7, 8, 12 to the near-infrared spectral region 13, 14 due to difficulties in the fabrication of three-dimensional photonic crystals of submicrometer size. Emission properties of molecules in a photonic crystal structure have not been reported. However, pioneering experimental work in the visible spectral region using cholesteric liquid crystals as a onedimensional structure can be found in Ref. 15 . In this letter, we examine the possibility of modifying emissive properties by using solid crystals of dye-doped polystyrene microspheres as an example of photonic crystals in the visible region.
Polystyrene microsphere latex exhibits spontaneous organization of three-dimensional periodic dielectric structures in water, known as colloidal crystals, which show strong Bragg scattering ͑attenuation band͒ in the visible region. 16 Because of the low relative refractive index and the high volume fraction of the crystals, the width of the attenuation band is not wide enough to overlap in all directions and a forbidden band gap for propagation of electromagnetic waves cannot be achieved. Although the crystals show such an incomplete photonic band gap ͑nonoverlapping gap or pseudogap͒, their self-ordering structures are useful for studies on the photonic crystals in the visible region. [17] [18] [19] Solid crystals consisting of polystyrene microspheres also show spontaneous organization upon evaporation of water from polystyrene/water suspensions. 20 The solid crystals are easy to handle and the periodic variation of their refractive index is 1.6 as compared to the lower value of 1.2 for colloidal crystals.
We fabricated self-organized periodic dielectric structures of submicrometer-size polystyrene spheres in which emissive dye molecules were embedded. The spontaneous emission properties within the structures were investigated. Polystyrene particles doped with a fluorescent dye ͑YG͒ with a diameter of 213Ϯ8 nm were used. Solid films consisting of ordered arrays of polystyrene spheres were prepared either in a glass dish or on a nonfluorescent microscope slide employing a technique described elsewhere. 21 Films with an average thickness of 30 m were fabricated from polystyrene latex solution with a concentration of 2.5% by weight. For comparison, films without periodic dielectric structures were also prepared. Therefore dichloromethane solution of the same dye-doped particles as used for the self-organized films were cast onto glass substrates. The average thickness of these films was 17 m.
The surface of the films was investigated employing optical and scanning electron microscopy ͑SEM͒. Figure 1 shows an optical microscope image of an ordered film. Flat triangular microcrystals predominantly aligned parallel to the a͒ Electronic mail: tsuigz@mbox.nc.kyushu-u.ac.jp APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 16 20 APRIL 1998 surface are clearly discernible. The SEM image of an ordered film illustrated in Fig. 2 clearly demonstrates the presence of a regularly packed array of spheres corresponding either to the ͑111͒ surface of an fcc structure or the ͑001͒ surface of a hexagonal close-packed ͑hcp͒ structure. We have not been able to discriminate between fcc and hcp lattice packing in ordered films and further studies are underway to address this issue. Figure 3 shows the transmission spectra of an ordered film for different incident angles of the probe beam. Attenuation bands with a decrease in transmission by two orders of magnitude are clearly observable and these can be attributed to Bragg diffraction on the periodic structure. The attenuation band locates longer than 470 nm under our experimental condition and never overlap with the intrinsic absorption spectrum of dyes within polystyrene microspheres at about 420-470 nm. Increasing the incident angle of the probe beam relative to normal incidence shifts the attenuation band towards shorter wavelengths. The reflection spectrum ͑Fig. 3͒ shows the corresponding Bragg reflection peak of the same film. No attenuation bands were observed in the transmission spectra of the structureless films cast from dichloromethane solution. This provides further evidence that the Bragg diffraction observed in the transmission and reflection spectra results from the periodic dielectric structure consisting of close-packed polystyrene microspheres.
Photoluminescence ͑PL͒ spectra of an ordered film as a function of the observation angle are shown in Fig. 4 along with the PL spectrum of a structureless film. It should be mentioned that the full width at half maximum of the attenuation band in ordered films is narrower than that of the intrinsic emission band of dyes within polystyrene microspheres ͑see Fig. 4 , spectrum 7͒. Therefore the attenuation band is observed as a deep dip in the PL spectrum. With increasing observation angle ͑͒ the dip is also shifted towards shorter wavelengths. The dip was not observed for incident angles above 50°. Figure 5 shows the wavelengths at the minima of the dips observed in the fluorescence spectra of the ordered film as a function of the observation angle . The peak wavelength versus incident angle for the case of transmission experiments is also shown. The two curves coincide within the accuracy of the experiment and their forms can be described by using the Bragg law and Snell's law: 2n f d cos ␤ϭ, n f sin ␤ϭn 2 sin , where n f is the effective index of refraction of the polystyrene/air composite, n 2 is the refractive index of air, and ␤ is the Bragg diffraction angle. The interplaner spacing, d, for close-packed planes ͓either ͑111͒ of fcc or ͑001͒ of hcp͔ is estimated from the relation d ϭ0.816D, where D is the effective particle diameter. For this system, we used the value for n f obtained from the averaging dielectric constant (n f ) 2 ϭ(n 1 ) 2 ϩ(1Ϫ)(n 2 ) 2 , where n 1 and are the refractive index of polystyrene and the filling factor ͑ϭ0.74 for close-packed array͒, respectively. A fit to the experimental data results in a value of D ϭ219 nm for the optimized parameter. The curves fitted to the experimental data are indicated by the solid lines in Fig.  5 . The optimized value for D is slightly larger than the average diameter of the polystyrene spheres. However, the difference is within the standard deviation of the diameter distribution.
In summary, we prepared self-organized, highly ordered structures consisting of close-packed arrays of polystyrene microspheres. The periodic dielectric structures of the fabricated crystals provide nonoverlapping gaps or pseudogaps due to the low refractive index contrast of 1.60 and the filling factor of 74%. The partial suppression of radiation modes in the structures, however, results in a decrease of the spontaneous emission intensity from the dye embedded in the photonic crystals within the wavelength region of the attenuation band. Materials with higher refractive indices are required in order to obtain a full photonic band gap. The structures provide a promising material for both basic and applied research related to the confinement of photons within sub-micrometer dimensions, in particular for organic LEDs with photonic crystal structures.
